Functional imaging and the orthopaedic surgeon
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Over the last decade imaging techniques have improved in terms of the agents available for use, the technology to provide the images and the computing software to analyse and display them. The array of techniques now available makes it difficult for the user to choose the most appropriate. We will consider the developments and discuss the role of the various methods available in orthopaedic practice.
Trauma
The plain radiograph may appear to be normal early in the course of a fracture, despite a suggestive history. While fractures are radiologically obvious in 95% of patients under 65 years of age within 24 hours of injury, in older people it may be up to 72 hours before they are apparent on a plain film (Table I) . Certain sites such as the neck of the femur 1 and the waist of the scaphoid, give greater difficulty than others. 2 After injury to the scaphoid, bone scans can be performed acutely and may be read as early as one hour after the injection of diphosphonate 3 with a high yield. If there is doubt, imaging may be delayed for three to four hours or to the following day. Bone scintigraphy can expedite the diagnosis, allowing appropriate treatment to be carried out in the presence of a fracture or the prevention of needless immobilisation if the bone is intact. Radiographs often appear normal in early stress fractures. The bone scan will show uptake on both the early blood pool and on the late images. This can be particularly helpful in making the diagnosis at certain sites, notably the pars interarticularis (Fig. 1) . The bone scan can identify the subtle changes associated with shin splints, with increased uptake seen in a linear fashion in the anterolateral or posteromedial aspects of the distal tibia.
When there is suspicion that the fracture is not the result of simple trauma the scan may have a characteristic appearance which suggests the underlying pathology. For example, in osteoporosis linear uptake in the vertebrae may be associated with fractures of the ribs. The site of uptake in a vertebral body determined by single-photon emission-controlled tomography (SPECT) may be more in keeping with malignancy 4 and the planar bone scan allows a rapid confirmation and assessment of the whole body to find other sites of metastasis.
Complications of fractures
Fractures which are being treated but which continue to produce symptoms suggestive of a nonunion can be difficult to diagnose clinically and radiologically. A bone scan may be helpful since reduced uptake at the site of the fracture can confirm an atrophic nonunion. Avascular necrosis may occur after some fractures, most notably of the neck of the femur, or be a complication of treatment with steroids. The early diagnosis is difficult because of delay in the appearance of the radiological changes and artefacts seen on MRI when metal is present. In a bone scan the 'bull's-eye' sign of decreased uptake in the centre of the femoral head with diffuse uptake in the intertrochanteric region is one of the earliest changes seen in avascular necrosis. In difficult cases a bone-marrow scan may be helpful in determining whether the head is necrotic. In approximately 10% there is no marrow in either hip, but when present it is usually symmetrical and asymmetry suggests destruction (Fig. 2 ).
Chronic regional pain syndrome-type I (reflex sympathetic dystrophy)
Initially, this is diagnosed clinically, and radiological changes occur only when the condition is well established. In the early stages the three-phase 'hot' bone scan showing increased vascularity combined with diffuse uptake in the affected area and intense periarticular uptake will give the diagnosis. This pattern remains for about 20 weeks after which the vascularity may return to normal, but the delayed phase remains positive. By 60 to 100 weeks the delayed image may also be normal in up to 58% of patients. 5 Normal or decreased uptake can be seen in children (Fig. 3) . 6 
Soft-tissue injuries
Bone scanning is useful in diagnosing avulsion and tendon injuries. It can help to diagnose avulsion injuries particularly in the pelvis at the sites of attachment of the hamstrings and has an established clinical role in diagnosing pain in the foot caused by avulsion of the tendon of tibialis posterior. Two other conditions which are well demonstrated by bone scanning are anterior and posterior impingement syndromes in the ankle in sports people and talocalcaneal coalitions. MRI is also useful in the assessment of stress injuries and may prove to be more sensitive than bone scanning. 
Infection
A number of agents may be used to image infection in the body.
67
Gallium was the choice for a number of years and still has potential advantages in spinal conditions. The patient's own leucocytes may be labelled with either an indium or technetium-based product, but these techniques are labour-intensive and require special facilities. Other methods have been introduced, 8 but until further studies are performed on these, direct leucocyte labelling is likely to be the first choice for the assessment of infection about prostheses. Fluorodeoxyglucose (FDG)-positron emission tomography (PET) has been used in the localisation of infection within bone. Several studies have shown accuracy of up to 96% to 100% in the skeleton. [9] [10] [11] The use of FDG has the potential advantage of being a single-step procedure with imaging one hour after the injection, rapid loss of radioactivity from the patient and a radiation dose comparable with that of leucocyte-imaging techniques. With the advent of dual-coincidence PET imaging or C-PET these techniques have become possible for conventional Departments of Nuclear Medicine. The scan shows an area of decreased uptake in the head of the left femur with a rim of increased uptake on the early blood pool images (a). This is also seen on the delayed images and is consistent with avascular necrosis of the femoral head (b). It is further confirmed by the bone-marrow scan (c), which shows no uptake in the marrow of the left hip whereas the right hip has bone marrow. Bone scan showing reduced uptake in the left foot and leg in a child as a result of chronic regional pain syndrome-type I. The right foot (marked with a dot) shows normal physiological uptake which includes the growth plates.
with labelled leucocyte imaging can indicate pockets of infection within the bone. Abnormality of the bone scan can occur as early as the second day. The first two phases of the scan (blood flow and blood pool) will be abnormal in cellulitis as well as in osteomyelitis. The third phase, or late images, will show the increased uptake in the bone itself in osteomyelitis but not in cellulitis. The bone scan, however, can be normal in active osteomyelitis or have reduced uptake in patients under six months of age. The finding of a normal scan in the presence of an implant almost always excludes infection. Abnormalities of the bone scan may not be specific enough for a diagnosis. If the clinical indicators for infection are high then further imaging with leucocyte labelling or gallium scanning may be indicated. Although leucocyte imaging with indium-labelled leucocytes may be the agent of first choice nevertheless falsenegative and occasional false-positive results still occur. The presence of activated bone marrow or displaced marrow caused by a prosthesis or an intramedullary nail may give difficulty. This is particularly the case in an uncemented femoral prosthesis in which the bone marrow is pushed away and may form islands which will be positive on leucocyte scanning. The marrow can then be visualised using a marrow scanning agent (nanocolloid) and this image compared with the leucocyte scan. Concordant scans are the result of marrow displacement whereas a high leucocyte uptake with a normal marrow is due to infection (Fig. 4) . More recently, FDG PET has been useful in demonstrating increased uptake at the bone-prosthesis interface in the presence of infection.
12
The spine. MRI is the investigation of choice for spinal sepsis. Images on the bone scan which show two adjacent vertebrae with high uptake in the correct clinical setting are unlikely to represent anything other than a discitis. Vertebral osteomyelitis may not be demonstrated by bone and leucocyte scanning. Gallium scanning is most likely to be positive and has the advantage of defining paravertebral abscesses also. Lack of anatomical congruence combined with the level of uptake is important; the more focal and intense the gallium uptake the more likely the possibility of bone infection.
Other conditions
Sickle-cell disease. The patient with sickle-cell disease may present with acute bone pain and fever. The differential diagnosis lies between bone infarction, osteomyelitis and a sickle-cell crisis. In the acute stage, radiography is seldom contributory but a bone scan is quick and can be helpful, showing normal or a reduced uptake in a sickle-cell crisis, but an increase in osteomyelitis or infarction. A gallium scan can then be performed and will be positive in osteomyelitis and normal in infarction. Pain in joint prostheses. The implantation of a prosthesis into a hip radically changes the biomechanical forces and load distribution across the joint, with consequent physiological changes in the bone. These differ depending upon the type of the prosthesis, and whether it is cemented or uncemented, and are reflected in the bone scan. The natural history of change The bone and white cell scans in three patients. All show abnormal increased uptake in the femoral prosthesis. The patient on the left has a normal white cell scan and therefore the bone scan represents loosening which was confirmed on hip replacement. The patient in the middle has some increased uptake in the acetabulum on the white cell scan with little corresponding uptake in the femoral component. These changes are typical of loosening of the latter and infection of the acetabulum. The patient on the right has an abnormal bone and white cell scan indicating infection in the prosthesis.
in uptake of bone tracer is well documented for cemented prostheses of the hip with a high uptake, equivalent to that in the sacroiliac joint, in the greater trochanter at two years which diminishes only slightly by three years. The uptake at the tip of the femoral prosthesis is increased in 10% and that in the acetabulum uptake is high in 12% of patients at two years only slightly reducing thereafter. 13 Focal increase in uptake at the tip of a prosthesis is not a common finding in loosening and may result in a high false-positive rate. Cementless prostheses show increased uptake at the tip of the stem persisting beyond two years. 14 The specific type of prosthesis may affect the degree and the site of uptake. Although generally described as focal, the changes on the bone scan which can occur with loosening may be diffuse or focal. Diffuse uptake may also be seen with infection and therefore an additional test is required to assess whether this is the case (Table II) . FDG-PET has recently been shown to detect both loosening and infection and to differentiate between them in both hip and knee prostheses. The results are more accurate for the hip than for the knee. 12 Prostheses at the knee behave differently from those at the hip in that the femoral component has a gradual reduction of uptake up to 12 months after implantation and then reduces more rapidly. The uptake in the tibial component tends to remain high for a number of years. 15 This reduces the confidence in the assessment of the tibial component and a baseline scan when the patient is asymptomatic is helpful. Asymmetrical uptake may indicate subsidence or a fracture if located on the medial or lateral aspects of the tibial plateau. 15 Determination of loosening in a knee prosthesis is extremely difficult because of the variable but persistent uptake after implantation. include focal uptake at the tip of the tibial component with no increase in the blood pool scan.
Back pain
Investigation of back pain is determined by the nature of the pain and the clinical suspicion of the cause. Plain radiographs are often the initial investigation but are rarely contributory. Subsequent tests are determined by availability and whether the problem is primarily due to a neurological or soft-tissue disease or is bony in origin. A combination of more sophisticated tests including CT, MRI or SPECT may be used. MRI is the investigation of choice for disc-related disease. SPECT has been useful in allowing the site of an abnormality to be determined more precisely than on planar scans and also the degree of activity of the disease. The areas of use are in assessment of inflammation of the facet joints or in the pars interarticularis. In younger patients the presence of bilateral abnormalities, spondylolysis, can be assessed. In vertebral disease bone scanning can give some assessment of the age of a fracture and also with SPECT a sensitive analysis of metastatic disease.
Soft-tissue and bone tumours
The imaging of tumours has changed over the last decade with the use of a range of new agents. Bone scanning with conventional diphosphonates still represents the major method for identifying both primary and secondary bone tumours (Table III) . Diphosphonates may also be taken up in soft-tissue metastases from primary bone tumours such as osteosarcoma.
Benign bone tumours. Although bone scanning cannot definitely differentiate benign from malignant tumour in bone any lesion with no uptake is most likely to be benign. One significant exception is an osteoid osteoma. The appearance of a highly localised area of markedly increased uptake is characteristic and is particularly useful in the spine when a plain radiograph may be normal. If lesions are multiple the bone scan will identify all the sites. The bone scan may also be used to locate the lesion at operation and use of an intraoperative probe can demonstrate the site and later confirm the successful removal of the tumour. Malignant bone tumours. Although a bone scan is not definitely diagnostic of malignancy it has a role in the assessment of malignant bone lesions. The three phases are always hot in malignant tumours. Both a bone scan and MRI may miss intramedullary skip metastases and bone-marrow scintigraphy has been found to be of more use in defining the extent of the tumour and intramedullary metastases in both Ewing's sarcoma and osteogenic sarcoma. 16 Routine bone scintigraphy can be invaluable in detecting distant metastases, which, although occurring in small numbers, are very significant in regard to prognosis and treatment. Softtissue metastases may also take up the bone-scanning agent in osteosarcoma although not in Ewing's sarcoma in which gallium scanning is better for the detection of soft-tissue metastases. 18 FDG-PET is useful for detecting distant metatases and in the monitoring of treatment. 17, 18 Soft-tissue tumours. Bone scanning can be used to identify metastases in soft-tissue sarcomas. The tumours themselves are seen well on gallium scanning with sensitivities of up to 96%. 19 It can also identify active tumour within residual masses after treatment. The differentiation of benign from malignant lesions is crucial to preoperative planning in the treatment of musculoskeletal tumours. Studies have shown that by using different uptake ratios with PET, [20] [21] [22] malignancy can be distinguished from benign disease. There is some overlap, 23 but Lodge et al 24 have shown the separation between highgrade malignancy and benign disease simply by delaying the time of the FDG uptake scan. FDG PET is valuable in that it provides a one-step procedure which is useful in identifying the grade of the primary tumour 20, 24 and in determining local recurrence in patients including the amputee, 25 as well as distant metastases. 22 CT, however, is better for identifying lung metastases. Variable uptake of FDG is seen within the tumour which can help to identify the site for biopsy since areas with the highest uptake are likely to be the most malignant. Hain et al 26 have shown, in a small number of patients, the potential value of registering FDG PET images with MRI to direct the surgeon to the appropriate area to biopsy. This method may result in an increasing ability to achieve accurate representative biopsy samples of the most malignant area of the tumour on an outpatient basis. Another potential use of FDG PET with delayed imaging is the assessment of transformation of benign to malignant tumours such as in neurofibromatosis. 27 
Conclusion
There has been a gradual evolution in the use of functional and anatomical imaging in orthopaedic practice. The use of CT and MRI cross-sectional imaging has increased but has not yet diminished the use of functional techniques, particularly bone imaging. The bone scan remains an effective tool for evaluating a broad spectrum of abnormalities primarily because it is readily available, sensitive and inexpensive. The investigation enables a rapid assessment of the whole skeleton to be made, allowing other more focused investigations to be performed or, in the case of SPECT, of a more limited area to identify a site of abnormality. The other areas of use are in the determination of infection and malignant disease and assisting in the identification of the grade of malignancy and the sites of affection. This review has touched on the variety of tests currently available and their use in adult orthopaedic conditions, but the field is ever-expanding.
